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(54) Stepper motor drive apparatus 

(57) Drive apparatus, particularly for a twin polygon thermal scanner, utilises a stepper motor 4 driven by 
pulses of variable width timed, relative to the rotational position of the motor, so that the pulses are 
substantially centred on the maximum torque position of the motor. This minimizes power consumption. 
The control circuitry for the motor performs a start sequence, which is aborted and reinitiated in the event 
that the motor fails properly to start and in which the frequency of the pulses applied to the stepper motor 
is increased as the motor accelerates. Any excessive increase in the rate of increase of frequency of the 
pulses is detected and corrected. When the motor is running up to speed, the power applied to the motor 
is controlled by a phase detector 64 which detects variations in phase between a reference pulse train and 
a pulse train generated by the rotation of the motor. 
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SPECIFICATION 

Drive apparatus 

5 This invention relates to drive apparatus and 
has a number of aspects. 

In one aspect, the invention is concerned 
with Improving the efficiency of drive appara- 
tus utilising a stepper motor. 

10 In order to improve efficiency, the invention 
provides, according to one aspect, a power 
supply circuit for a stepper motor in which 
pulses of variable power are applied to said 
stepper motor for effecting rotation thereof, 

15 each of said pulses being applied such that 
the centres thereof substantially coincide with 
the maximum torque position of the motor. 
Preferably, the width of the pulses is variable, 
to vary the power in the pulses. 

20 In an alternative aspect, the invention is 
concerned with improving the reliability of 
starting of a stepper motor for use as a drive 
apparatus. 

The invention provides, according to another 

25 aspect, means for applying pulses of increas- 
ing frequency during start up of a stepper mo- 
tor, and limiting means operable to limit the 
rate of increase of frequency of said pulses 
such that said rate does not exceed a rate 

30 consistent with the acceleration achieved by 
the motor. Preferably a voltage controlled os- 
cillator is provided and the limiting means is 
operative to control said oscillator. 

In a further aspect, the invention aims to 

35 provide an improved phase detector which is 
useful in drive apparatus or in other applica- 
tions and which can detect phase errors which 
exceed one cycle and preferably which may 
exceed a number of cycles. In one form, the 

40 phase detector according to this aspect of the 
invention includes means, preferably digital 
means, for counting cycles in the signals 
whose phases are to be detected and means 
for providing a phase indicating signal which is 

45 a function of the difference between the num- 
bers of cycles counted by said counting 
means. 

In an alternative aspect, the invention pro- 
vides a phase detector comprising means for 

50 receiving first and second pulse trains whose 
relative phase is to be detected, means for 
producing a signal having a first value during 
first periods when pulses from only one of 
said trains are present and a second value 

55 during second periods which are between said 
first periods, and means for providing a phase 
indicating signal which is a function of the 
relative lengths of said first and second peri- 
ods. 

60 The invention is described by way of 

example with reference to the accompanying 
drawings in which: 

Fig. 1 is a block diagram illustrating the lay- 
out of a preferred embodiment of the inven- 

65 tion; 
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Fig. 2 is a perspective view of a twin poly- 
gon scanner incorporated in the apparatus of 

Fig. 1; , ^ 

Fig. 3 is a block diagram showing part of 
70 the apparatus of Fig. 1 is more detail; 

Fig. 4 is block diagram showing in more 

detail a pulse generating circuit included in Fig. 

3; 

Fig. 5 is a timing diagram illustrating the 
75 operation of the circuit of Fig. 4; 

Fig. 6 is a block diagram showing a pre- 
ferred form of phase comparison circuit in- 
cluded in the circuit of Fig. 3; 

Fig. 7 is a waveform diagram illustrating the 
80 operation of the circuit of Fig. 6; and 

Fig. 8 illustrates a preferred form of resilient 
gear used in the apparatus shown in Fig. 2; 
and 

Fig. 9 IS a section on the line IX IX of Fig. 

85 8. 

With reference to Fig. 1, a thermal imager 
comprises a twin polygon scanner 2 which is 
driven by a motor 4 so that a thermal image 
from a field of view is scanned across a de- 
90 tector array 6 which may, for example, com- 
prise eight thermal detectors. The outputs 
from the thermal detectors 6 are applied to a 
signal processing circuit 8 which performs a 
number of functions, such as analogue-to-digi- 
95 tal conversion, storing, and digital-to-analogue 
conversion for supply to a cathode ray tube 
10 on the screen of which a visible image 
may be produced. An electromagnetic pickup 
arrangement 12 supplies pulses related to the 
1 00 rotation of the scanner 2 to the signal pro- 
cessing circuit 8, for controlling the timing of 
- various operations therein, and to a circuit 14 
which controls the motor 4. 

As seen in Fig. 2, the twin polygon scanner 
105 2 comprises first and second polygonal mir- 
rors 16 and 18 mounted for rotation about a 
common axis 20. The polygon 16 has eight 
reflective facets 22 and is driven by motor 4 
through gears 24 and 26, The polygon 18 has 
110 seven reflective facets 28 and is driven by 
motor 4 through gears 30 and 32. The gears 
24, 26, 30 and 32 are resilient. The polygons 
16 and 18 are driven in the same direction 
but at different speeds. The ratio of the speed 
115 of the polygon 16 to that of the polygon 18 
is 7:8. For example, the polygon 16 may be 
driven at a 175 revolutions per second and 
the polygon 18 at 200 revolutions per sec- 
ond. As is well known, the facets 22 of the 
120 polygon 16 are at different angles to the axis 
of rotation 20 from each other and similarly 
the facets 28 of the polygon 1 8 mak differ- 
ent angles with the axis 20. The angles are 
such that the complete field of view is 
125 scanned once for every 56 revolutions of the 
polygon 16 thus producing a complete frame 
made up of interiaced fields, the horizontal 
scan being produced by the rotation of the 
polygons and the vertical scan being produced 
130 by the different angles which the facets 22 
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and 28 make with the axis 20. 

The electromagnetic pickup arrangement 12 
comprises four electromagnetic pickups F7, 
F8, S7 and SB. The pickup F8 is arranged to 
5 produce an output pulse in response to the 70 
movement therepast of a small insert 36 of 
magnetic material carried by the polygon 16. 
Similarly, the pickup F7 is arranged to produce 
a pulse in response to the movement there- 
10 past of a small insert 38 of magnetic material 75 
carried by the polygon 18. The arrangement is 
such that the inserts 36 and 38 simultane- 
ously pass the pickups F8 and F7 only once 
in every seven revolutions of the eight-sided 
15 polygon 16. Thus, the coincidence of pulses 80 
from the pickups F7 and F8 provides a signal 
indicating the end of each frame. 

The polygon 16 is provided with a ring 40 
having around its periphery a series of equi- 

20 spaced metallic teeth 42 whose movement Is 85 
detected by the pickup S8. For example, there 
may be one hundred and twenty-eight teeth 
42 provided on the ring 40 so that, when the 
polygon 16 is rotating at 175 revolutions per 

25 second, the pick-up S8 produces a signal at a 90 
frequency of 22.4 KHz. A similar metallic ring 
44 having a series of equi-spaced external 
metallic teeth 46 is provided on the polygon 
18 and the pickup S7 detects the movement 

30 of these teeth. However; the number of teeth 95 
46 differs from the number of teeth 42 so 
that the pickup S7 produces a signal at the 
same frequency as the pickup SB. Thus, in 
the numerical example under discussion, there 

35 will be one hundred and twelve teeth 46 so 100 
that the frequency of the signal from the 
pickup S7 is 22.4 KHz when the polygon 18 
is rotating at 200 revolutions per second. 
With reference to Fig. 3, the motor 4 is a 

40 stepper motor having four coils I to IV, to 105 
which power is supplied via a power switch- 
ing circuit 48 of the control circuit 14, and an 
armature 50 represented in Fig. 3 as a rotata- 
ble bar magnet. A pulse generating circuit 52 

45 controls the power switching circuit 48 by 110 
supplying pulses on lines 01 — 04. Pulses are 
produced on 01 — 04 in sequence. When a 
pulse is present on line 01, coils I and III are. 
energized in the positive and negative direc- 

50 tions respectively. When a pulse is present on 115 
line 02, coils II and IV are energized in posi- 
tive and negative directions respectively. 
When a pulse appears on line 03, coils III and 
1 are energized in positive and negative direc- 

55 tions respectively. When a pulse is present on 120 
line 04, coils IV and II are energized in posi- 
tive and negative directrons respectively. The 
power supplied to the motor 4 Is varied, and 
accordingly the speed thereof is controlled, by 

60 varying the widths of the pulses on line 125 
01 — 04. 

In order to start the motor, a manually oper- 
ated start switch 54 is closed and this causes 
the pulse generating circuit to output a pulse 
65 on line 04 which brings the armature 50 to 130 



the position shown in Fig. 3. After a short 
delay, the circuit 52 caus s pulses to appear 
on lines 01 — 04 in sequence at a low fre- 
quency so that the motor 4 can be gradually 
accelerated from rest. The speed of rotation 
of the motor is detected by a speed detector 
circuit 56 which compares the frequency of 
the signal from pickup S7 with a 22.4 KHz 
reference signal generated by a 20 MHz oscil- 
lator 58 and a division circuit 60. So long as 
the frequency of the signal from pickup 87 is 
less than 22.4 KHz, the pulses supplied to 
lines 01 — 04 are of maximum width in order 
to apply maximum power to the motor 4 dur- 
ing acceleration. After a few revolutions of the 
motor, the polygons 16 and 18 should be 
rotating fast enough for output signals to be 
produced by the electromagnetic pickup F7 
and F8. Accordingly, the pulse generating cir- 
cuitry 52 receives on input 62 the signal from 
pickup F8. If this falls to appear within a cer- 
tain time, this indicates that the motor has 
failed to start and in that event, the pulse 
generating circuit repeats the start sequence. 
When the speed detector circuit 56 detects 
that the frequency of the signal from the 
pickup F7 reaches 22.4 KHz, it outputs a sig- 
nal to a phase comparator 64 and to an Input 
66 of the pulse generating circuit 52. The ef- 
fect of the signal on input 66 is to change the 
condition of the circuit 52 from that in which 
the width of the pulses on lines 01 — 04 is 
maximum to one in which the width of the 
pulses is modulated in response to a signal 
output by phase comparator 64 on line 68. 

The phase comparator 64 is operative to 
compare the phase of the 22.4 KHz reference 
signal output by divider 60 with the average 
phase of the signals output by pickups 87 and 
SB, which signals are accordingly applied to 
an averaging circuit 70 whose output is ap- 
plied to the phase comparator 64. If the 
phase of the signal output by averaging circuit 
70 leads that of the reference signal output by 
divider 60, the width of the pulses on lines 
01 — 04 is decreased so as to reduce the 
power to the motor and, conversely, if the 
phase relationship is the reverse, then the 
width of the pulses on lines 01 — 04 is in- 
creased. In this way, the speed of the motor 
4 is controlled to maintain the rotational speed 
of the polygons 1 6 and 1 8 substantially con- 
stant with a high degree of accuracy at the 
required operating speed. 

As will be more fully described with refer- 
ence to Fig. 6, the phase comparator 64 op- 
erates digitally by counting and comparing the 
number of pulses received from the averaging 
circuit 70 with the number of pulses in the 
22,4 KHz reference signal received from the 
dividing circuit 60. A resetting circuit 72, 
which is enabled by the output from the 
speed detection circuit 56 is operable to reset 
the phase detector 64 and the divider 60 in 
response to each frame pulse derived from an 
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AND gate 74 whose inputs are connected to 
the pickups F7 and F8. 

As shown in Fig. 4, the pulse generation 
circuit 52 comprises a voltage controlled oscil- 
5 lator 76 whose output is applied to a 4 bit 
counter 78. Lines 80 supply signals in the 
second and third stages of the counter 78 to 
a decoder 82 which, in response to the four 
possible states of those two stages produces 
10 pulses successively on lines 01 — 04. A pulse 
width modulation circuit 84 is provided in 
lines 01 — 04 for modulating the width of 
these pulses. Upon closing of the start switch 
54, a start control logic circuit 86 sets the 
15 counter 78 into a condition in which line 04 is 
energized to bring the motor armature 50 to 
its home position as illustrated in Fig. 3. Also, 
the logic circuit 86 closes a switch 88 to 
discharge a capacitor 90 the voltage across 
20 which is applied to the voltage controlled os- 
cillator 76 to control its frequency. After a 
short delay, as previously referred to, the 
switch 88 is opened allowing the capacitor 90 
to be charged slowly through a relatively high 
25 resistance 92. At this time a switch 94 

through which current may also be supplied to 
the capacitor 90 through a relatively low resis- 
tance 96 is maintained open. 

As the capacitor 90 charges, the oscillator 
30 76 begins to oscillate at a low frequency and 
pulses are supplied in turn to the lines 
01 — 04 so as to cause the motor armature to 
rotate slowly. At this time, the pulse width 
modulation circuit 84 is in a condition in 
35 which the full width of each pulse is allowed 
to pass. The voltage developed across the 
capacitor 90 is also compared to a threshold 
value in a comparator 98 and the output of 
the comparator 98 is applied to the start con- 
40 trol logic 86. The latter circuit is connected to 
input 62 and, if the comparator 98 indicates 
that the threshold hejs been exceeded by the 
voltage across the capacitor 90 prior to the 
receipt by the start control logic 86 of a pulse 
45 on input 62, this indicates that the motor has 
failed to start. The start control logic 86 then 
aborts the start sequence by discharging capa- 
citor 90 and again setting counter 78 to a 
condition in which line 04 is energized to 
50 bring the motor armature to the home posi- 
tion. The start sequence is then begun again. 

If the start control: logic circuit 86 receives a 
pulse on input 62 before the voltage across 
the capacitor 90 reaches the threshold estab- 
55 lished by comparator 98, this indicates that 
the motor has started satisfactorily, A switch 
94 is then closed by the logic circuit 86, in 
order to increase the rate of charge of the 
capacitor 90 and accordingly the rate of in- 
60 crease of the frequency of the signal output 
by the voltage controlled oscillator 76. Thus, 
the motor is accelerated more rapidly. It is 
necessary that the rate of acceleration of the 
motor should be equal to the rate of increase 
65 in frequency in the signal output by the oscil- 
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lator 76. The rate of acceleration of the motor 
cannot exceed the rate of increase in fre- 
quency of the signal produced by the oscilla- 
tor 76 since the motor is being driven by 
70 pulses derived by this signal. However, due to 
the inertia of the motor and of the polygons, 
it is possible that the rate of increase in fre- 
quency of the oscillator 76 may begin to ex- 
ceed the rate of acceleration of the motor. If 
75 the rate of increase of frequency and the rate 
of acceleration are equal, the fourth stage of 
the counter 78 always remains at zero be- 
cause the counter is reset, before a "one" 
appears in the fourth stage, by the signal 
80 appearing on line 62 following each complete 
revolution of the motor i.e. the counter is re- 
set following each eight cycles of the signal 
output by the oscillator 76. If, however, the 
rate of increase in frequency of the oscillator 
85 76 exceeds the rate of increase in speed of 
the motor, a signal will be output by the 
fourth stage of counter 78 before the counter 
is reset. This signal is applied to an inverter 
100 which draws some current from the 
90 capacitor 90 via diode 102 and resistor 104, 
to reduce slightly the voltage applied to the 
oscillator 76, thus slightly reducing its fre- 
quency. In this way, the rate of increase of 
frequency of the oscillator 76 is maintained 
95 equal to the acceleration of the motor. The 
polygons are accelerated with the motor under 
full power until the speed detector 56 detects 
that the frequency of the signal from pickup 
S7 has exceeded 22.4 KHz. A signal indicative 
100 of this is received by input 66 of the circuit 
52 and applied to logic 106 which switches 
the pulse width modulation circuit 84 to a 
condition in which it may modulate the width 
of the pulse supplied by the decoder 82 in 
105 accordance with a voltage output by the 

phase detector 64 and supplied to the circuit 
52 on input 68. 

The timing of each pulse on each of lines 
01 — 04 is such that the cpntre of each pulse 
1 10 coincides substantially with the position of the 
rotor 50 at which maximum torque is pro- 
duced. This is achieved by means of a com- 
parator 108 and a triangular wave generator 
1 10, the operation of which will be under- 
115 stood by reference to Fig. 5. 

Waveform A of Fig. 5 represents the pulses 
applied on line 62. These pulses, as already 
described, reset the counter 78, but also syn- 
chronize the output of the oscillator 76, illus- 
120 trated at B in Fig, 5, to the trailing edge of 
the pulses of waveform A, The frequency of 
the output of the oscillator 76 is taken to be 
f . A square wave of freqency f/2 is output by 
the first stage of counter 78, as represented 
125 by waveform O in Fig. 5. This is applied to 
the input of triangular wave generator 110 
which generates a triangular wave as indicated 
at D in Fig, 5, whose positive and negative 
peaks coincide respectively with the leading 
130 and trailing edge of the pulses of waveform C. 
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As will be understood by those skilled in tlie 
art, the circuit 1 10 may operat by adjusting 
the waveform C so that it is symmetrical 
about zero and applying the resulting wave- 
5 form to an integrator. Since the synchronizing 70 
of the oscillator 76 is effected by pulses gen* 
erated by the movement of the insert 38 past 
the pickup F8 and since the position of the 
Insert 36 relative to the rotor 50 is known, it 

10 is arranged that the positive peaks of the tri- 75 
angular waveform D coincide with the posi- 
tions of the rotor at which maximum torque is 
achieved. If the rotor position shown in Fig. 3 
is taken as O^, then maximum torque is 

15 achieved by the pulses on lines 01 — 04 when 80 
the rotor is approximately in positions O'', 90**, 
180° and 270** respectively, which positions 
are indicated at J in Fig. 5. In practice, the 
maximum torque positions vary slightly from 

20 these angles due to factors stich as back 85 
e.m.f . in the motor Coils. The inductance of 
the motor coils in practice results in finite rise 
and fall tihies for the drive current. 
Comparator 108 receives, as a reference 

25 level, a voltage V (see waveform D of Fig. 5) 90 
from the phase comparator 64. The magni- 
tude of V increases above or decreases below 
a predetermined value representing zero phase 
error according to whether the phase of the 

30 signal from averaging circuit 70 leads or lags 95 
that of the 22.4 KHz reference signal from the 
divider 60. The comparator 108 compares the 
triangular waveform D with the voltage V and 
outputs pulses, as indicated at E, whose 

35 width is equal to the width of the portions of 100 
the triangular waveform D above level V. 
Thus, when the phase of the signal from aver- 
aging circuit 70 leads, the width of pulses in 
waveform E reduces and when it lags the 

40 width increases. Pulses shown at F, G, H and 105 
I in Fig. 5, which are coincident with the 
pulses E in Fig. 5, are output by circuit 84 on 
lines 01 — 04 respectively, in sequence. These 
pulses F, G/ H and Tare thus modulated in 

45 width in accordance with phase variations de- 1 10 
tected by circuit 64 so that the power applied 
to the motor 4 is varied, in accordance with 
these phase variations. Howeverm, the pulses 
are also centred at the positions of maximum 

50 torque of the rotor 50 but which are modu- 115 
lated in width. Substantially centring the 
power pulses applied to the coils of the motor 
at the rotor positions corresponding to maxi- 
mum torque provides a significant saving in 

55 power consumption. * 120 
With reference to Fig. 6, the phase detector 
circuit 64 comprises a first digital counter 112 
which receives and counts pulses on input 69 
from, the averaging circuit 70, a second digital 

60 counter 114 which receives and counts 22.4 125 
KHz reference pulses on input 71, a differenc- 
ing circuit 116 which calculates the difference 
between the counts in the counters 112 and 
114, a digital-to-analogue converter 118 which 

65 converts the difference provided by circuit 130 



116 to analogue form, and a filter 120 for 
smoothing the output from digital-to-analogu 
convenor 118. A number store 122 stores a 
number which is to represent zero phase dif- 
ference between the signals applied on inputs 
69 and 71. 

When the resetting circuit 72 receives the 
first frame pulse from AND gate 74 to be 
generated after the generation of a signal by 
circuit 56 indicating that the required speed 
has been reached, a resetting signal is gener- 
ated on line 73. This resets the divider 60, 
sets the counter 1 12 to zero and loads the 
number in store 122 into counter 114. The 
counters 112 and 114 then proceed to count 
in accordance with pulses received on lines 
69 and 71. Alssuming the pulses received ar 
in phase, the difference between the number 
in counter in 112 and that in 114 remains 
constant so that the voltage output by D/A 
converter 118 also remains constant. This 
condition remains so long as the polygons are 
rotating at precisely the required speed. If the 
speed increases slightly, the pulses on line 69 
will begin to lead those on line 71. As a 
consequence and considering the arrival of a 
given pulse on line 69, the count in counter 
112 will change before the count in counter 
1 14, The difference output by circuit 1 16 will 
correspondingly change thus changing the 
level of the voltage output by circuit 118. As 
soon as the next pulse is received by counter 
114, the difference output by circuit 116 will 
revert to its previous value. Thus, as shown in 
Fig. 7, the output of digital-to-analogue con- 
verter 118 will be at a value v1 during peri- 
ods when the number of pulses counted by 
counters 112 and 114 is equal and at a value 
v2 at times when the number of pulses 
counted by counter 112 exceeds by unity the 
number counted by counter 114. The filter 
120 smooths the output of converter 1 1 8 to 
produce the voltage v which is output by the 
phase detector. If the lead in phase of the 
signals applied to line 69 increases, the width 
of the pulses of value v2 increases so that 
the level of voltage V is raised as shown in 
broken lines in Fig. 7. If the pulses on line 69 
lag in phase relative to the reference signal on 
line 7 1 , then the value v2 will be less than 
the value v1 shown in Fig. 7 i.e. the wave- 
form of Fig. 7 will be inverted. 

If the phase difference between the signals 
on lines 69 and 71 becomes precisely one 
cycle, the signal output by converter 118 will 
be continuously at level V2 and reference level 
V will equal V2. If the phase difference is 
greater than one cycle, then the converter 
118 and filter 1 20 will correspondingly pro- 
vide an output which is partly at V2 and 
partly at a level higher than V2. Thus, the 
phase detector shown in Fig. 6 has the ad- 
vantage that it can detect phase errors of 
greater than one or more cycles. 

In practice, the differencing circuit 116 may 



% % 

5 



be an adder, in which case the counter 114 
may be a down counter and the counter 1 1 2 
an up counter. 
The logic circuit 106 Is arranged so that if 
5 the phase difference exceeds predeternnined 
limits, the pulse width modulation circuit 84 is 
disabled so that the speed of the motor is no 
longer controlled by the phase detector 64 
but instead is controlled by the output of 
10 speed detector circuit 56 such that if the 
speed is too high, the power supplied to the 
motor is turned completely off i.e. no pulses 
are output by the pulse width modulation cir- 
cuit 84 on lines 01 04 whereas if the speed 
15 is too low, full width pulses are output by 
circuit 84 on to lines 01 — ^04. Control on this 
basis is also effected, upon completion of the 
start sequence, in the interval between the 
generation of a signal by the circuit 56 indicat- 
20 ing that the required speed has been reached 
and the time when the phase detecting circuit 
64 Is put into operation in response to receipt 
of the next frame pulse from AND gate 74. 
Although the digital portions of the phase 
25 detector of Figure 6 are assumed to be imple- 
mented in hardware, which is preferred, it 
would alternatively be possible to implement 
them by programmed microprocessor. Such 
microprocessor may then output a digital sig- 
30 nal representing the difference between the 
two counts and this signal would be con- 
verted to analogue form. 

With reference to Figures 8 and 9, the re- 
silient gears 24, 26, 30 and 31 each com- 
35 prise a hub 130, spokes 132 and a toothed 
rim 134 joined to the hub 130 by the spokes 
132. The entire gear is moulded out of resili- 
ent plastic material and the spokes 132 are 
resiiiently flexible in the circumferential direc- 
40 tion. The lands 136 attached to the hub 130 
are located between the spokes 132 so as to 
limit the degree to which the spokes may be 
circumferentially flexed. Thus, the lands act as 
stops. This construction provides for a limited 
45 degree of torsional flexibility in the gears 26 
and 32. This resilient flexibility minimizes the 
impulse energy of tqoth impacts and provides 
a greater degree of speed regularity. The pro- 
vision of the lands 136 ensures tJ^at, during 
50 acceleration, the amount of distortion of the 
gears 26 and 32 is limited. The function of 
the lands is to substantially increase the rota- 
tional or torsional stiffness of the gear when 
they engage the spokes 132. 

55 

CLAIMS 

1. A variable drive apparatus, comprising a 
stepper motor having a rotor and a plurality of 
coils, power supply means arranged for sup- 

60 plying pulses to said coils in sequence to 
cause said rotor to be continuously rotated, 
and means for modulating the width of said 
pulses for varying the power applied to said 
coils so that the centres of the pulses sub- 

65 stantially coincide with the positions of the 
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rotor relative to the coils at which maximum 
torque is generated. 

2. Apparatus according to claim 1, wherein 
said modulating means comprises means for 

70 producing a triangular wave, means for pro- 
ducing a reference level intermediate the maxi- 
mum and minimum values of the triangular 
wave, means for providing said pulses during 
periods when the value of the triangular wave 

75 is to one side of said reference value, and 
means for varying the relationship between 
the reference value and the triangular wave 
thereby to modulate the width of the pulses. 

3. Drive apparatus comprising a stepper mo- 
80 tor, power supply means for supplying pulses 

to said motor for effecting continuous drive of 
said motor, and start control means operable 
to perform a start sequence in which said 
pulses are supplied initially at a low frequency 
85 and said frequency is increased initially at a 
relatively low rate and subsequently at a rela- 
tively high rate. 

4. Drive apparatus comprising a stepper mo- 
tor, power supply means for supplying pulses 

90 to said motor for effecting continuous drive of 
said motor, start control means operable to 
perform a start sequence for said motor, and 
detector means to detect whether said motor 
has started, said start control means being 

95 responsive to said detector to restart the start 
control sequence in the event that the motor 
does not start. 

5. A phase detector comprising first and 
second counters arranged for receiving respec- 

100 tively first and second signals whose relative 
phases are to be compared, means for obtain- 
ing a further signal representing the difference 
in the number of cycles of said first and sec- 
ond signals counted by said first and second 

105 counters respectively, said further signal repre- 
senting the phase difference between said first 
and second signals. 

6. A phase detector according to claim 5, 
wherein said means for obtaining a further sig- 

110 nal comprises means for obtaining a digital 

signal representing said difference, and a digi- 
tal-to-analogue converter for converting said 
digital difference signal to analogue form. 

7. A phase detector according to claim 6, 
115 including means for smoothing said analogue 

signal. , • c 

8. A phase detector according to claim o or 
7, wherein one of said counters is arranged to 
count up and the other is arranged to count 

120 down and wherein said means for obtaining a 
digital signal representing said difference com- 
prises an adder. 

9. A phase detector according to any of 
claims 5 to 8, including reset means for zero- 

125 ing one of said counters and setting a predet- 
ermined number into the other. 

10. Drive apparatus comprising a motor, 
means for supplying a reference frequency 
representing a speed at which said motor is 

130 to be driven, means for providing a signal 
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having a frequency representing the actual 
speed of the motor, means for detecting the 
difference between said frequencies, means 
for detecting whether the frequency difference 
5 is within predetermined limits, and phase de- 
tector means operable to detect the phase dif- 
ference between the reference frequency and 
said signal and to control the speed of the 
motor In response to said phase detection 
10 when said frequency difference is within said 
predetermined limits. 

11, A gear wheel comprising a hub, a rim, 
resilient means connecting the hub to the rim 
to provide torsionial resilience, and means lim- 

1 5 iting the degree to which the rim may rotate 
relative to the hub. 

12. Drive apparatus substantially as herein 
described with reference to Figures 3 to 5 of 
the accompanying drawings. 

20 13. A phase detector substantially as herein 
described with reference to Figures 6 and 7 
of the accompanying drawings. 

14. A gear substantially as herein described 
with reference to Figures 8 and 9 of the ac- 

25 companying drawings. 

15. Thermal imaging apparatus substantially 
as herein described with reference to the ac- 
companying drawings. 
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